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I. Introduction

The use cf low density intermetallic alloys can significantly increase the thrust-to-weight ratio
of the next generation of turbine engines. For example, design studies have shown that the use of
an NiAl alloy with 2/3 the density of current Ni base superalloys as turbine airfoils will reduce the
rotor system weight by as much as 40%. Programs are being carried out at GE Aircraft Engines
(GEAE) to develop NiAl [1], and a technology for growing single crystals of NiAl alloys has been
developed.

Current sophisticated computational techniques in solid state theory have yielded encouraging
resuits in predicting phase stability as well as quantitative thermodynamic data. The determination
of anti-phase boundary (APB) and stacking fault energies, in addition to modeling of grain
boundaries and the effects of alloying additions, can greatly increase our understanding of the
behavior of the intermetallic compounds. Also, calculated values of elastic constants for alloys and
information about the directionality of bonding can give insights into the formation energies and
Peierls stresses for dislocations. The most advanced modeling approach involves all electron band
structure calculations, in which the electronic structure of a metal or alloy is determined completely
from first principles. These calculations yield quantitative thermodynamic data, as well as
information on the stability of the compound through investigation of the totai energy of the system
and the role of the electron density of states (DOS) near the Fermi level. This approach can be
used to predict not only the stability of one structure type over another for a particular
stoichiometry, but also the effect of alloying on lattice stability and site occupancy of ternary
alloying elements. Some examples of the application of this technique are in the determination of
anti-phase boundary energy (APBE) in Ni3Al [2] and phase stability in Al3X systems [3].

This investigation was performed to assess the predictive capabilities of theoretical models in
determining mechanical behavior of intermetallic compounds and to refine these models based on
correlation with experimental results. A coordinated effort between the theorists and
experimentalists is required to solve the complex problems associated with intermetallics. This
report summarizes the results from all three years of this program.

II. Approach

A unique feature of the technical approach was the use of single crystals of NiAl alloys. The
use of single crystals provides several distinct advantagcs: 1) it eliminates complications associated
with grain boundaries, so that the effect of alloying modifications on the intrinsic propertics of
NiAl can be unequivocally understood, 2) it provides information on single crystals oriented ir.
certain specific crystalloeg-"phic aricitations ta nnderstand arientaticn dependence of properiies,
and 3) it lends an insight into bond directionality of crystallographic structures of interest. Single
crystals specimens having specific crystallographic directions such as <001>, <011>, or <111>
were machined from single crystals grown in the <001> orientation. These were tested in tension
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and compression at various temperatures and the deformation structures evaluated using analytical
electron microscopy (AEM) techniques.

The modeling technique, "all electron total energy band structure calculations”, is being
developed and used at Northwestern University on binary, ternary, and some quaternarv NiAl
alloys. The calculations have addressed four aspects of the ductility problem in NiAl. The first is
concerned with the energy of the anti-phase boundaries which would need to be createa in order to
form <111> superdislocations in the NiAl structure. Specifically, calculations have been made on
the effect of APB formation on {110} and {112} planes on the electronic structure of the
compound using a supercell technique. These two sets of planes were chosen since they are the
most common slip plares in the disordered bcc structure and the latter is observed in low
temperature compression of [001] oriented NiAl specimens. Second, the relative stability of the
B2 NiAl structure and the L1, martensite structure has also been calculated to address the
martensitic reaction in NiAl as a possible source of room temperature toughness. Third, the effect
of charge distribution and bond directionality in NiAl has been addressed, based on recent work in
the TiAl and TizAl compounds [4,5]. Fourth, the effect on local electronic structure of certain
elements, found to improve ductility in "soft” oriented NiAl alloys when added at low levels, was
investigated.

III. Background

The need for high temperature, low density materials for applications in aircraft engines has
led to renewed interest in intermetallic compounds. Although many of these compounds have high
melting temperatures and low specific gravities, they often suffer from lack of low temperature
ductility. NiAl, with the CsCl (B2) structure, is considered a good candidate for development
partially due to its simple crysta! structure and small slip vectors. The shortest lattice translation
vector in the B2 structure is <100>, which does not provide enough independent slip systems to
satisfy Von Mises criterion for ductility in polycrystalline material. In single crystals, there is no
resolved shear stress on systems with the <100> slip direction for <001> oriented specimens.
Superpartials based ou the bec 1/2<111> Burgers vector, separated by an anti-phase boundary
(APB), are possible and do represent the majority of dislocations in some B2 compounds (eg.
CuZn [6,7]). Severai attempts have been made to predict active slip svstems in B2 compounds
using input parameters such as ordering temperature (to calculate APB energy), elastic constants,
and atomic radii {8-11]. All of these studies predict that the <100> slip direction is preferred in
NiAL

The predominance of <100> slip in NiAl has been well established [9,12-15]. The preferred
slip plane for the compound is generally considered to be {110} at room temperature Most
investigatis nave considered the {100} to be an aiternate slip plane with a slightly higher critical
resolved shear stress (CRSS) [13-15]. However, no systematic study of CRSS values for the two
planes can be found in the open literature. Due to the very high critical resolved shear stress
(CRSS) fer <111> versus <100> slip, <111> slip has been clearly demonstrated only when
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compression testing is performed along a <001> axis (where the Schmid factor for <100> slip is
zero) and only at or below room temperature {16]. Even then, bending stresses and local
inhomogeneities can result in kinking, which has been established as a <100> slip phenomenon
[17,18]. Increased ductility at higher temperatures in <001> oriented single crystals has been
generally considered to result from either the operation of <111> and/or <110> slip [13,15] or to
the activation of climb mechanisms involving b=<100> dislocations [12]; however, no conclusive
evidence for either mechanism has been presented.

An possible alternative means of deformation in NiAl is associated with the martensitic
transformation which occurs in Ni rich compositions [19-22]. Strains from a stress induced
transformation or defoimation within the martensitic phase itself may be able to accommodate
deformation in an NiAl alloy.

IV. Results

A. Results From Calculations

1. APB Energy

One of the factors believed to limit ductility in NiAl is the availability of only three
independent slip systems, with the <100> slip direction, and thus the failure to meet Von Mises
criterion of a minimum of five independent systems to accommodate an arbitrary shape change.
The introduction of dislocations with <111> Burgers vectors (the slip direction for the disordered
bee structure on which the B2 structure of NiAl is based) would relieve this limitation and therefore
has been one of the goals of this study on ductility enhancement in NiAl. Lowering of the anti-
phase boundary energy (APBE) could result in the formation of <111> superdislocations, two
1/2<111> superpartials separated by an APB, as observed in other B2 systems such as CuZn
[6,7]. Reduction of the formation energy of <111> superdislocations would provide an ample
number of slip systems and, provided the Peierls stress was low enough to give sufficient
mobility, might well promote ductility in NiAl.

APBE values for 1/2<111>{110} and 1/2<111>{112} APB's in stoichiometric NiAl were
calculated using the linear muffin-tin orbital (LMTO) method. Calculations were performed for
supercells containing 4, 6, 8 and 10 layers of {110} and {112} planes, corresponding to unit cells
with 8, 12, 16. 20, atoms, respectively. Two APB planes were required in each supercell in order
to establish a repeatable unit. The distance between the two APB planes increased with increasing
cell size. In these first calculations, no relaxation of the atomic positions was allowed at the APB
interface. The cells for the 1/2<111>{112} APBE calculations are monoclinic, while those for the
1/2<111>{110} are ortherhombic. The quite different first and second nearest neighbors in the
1/2<111>{110} and 1/2<111>{112} APB's and in the original B2 cell make the lattices behave
differently.
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Calculations were also performed on the B2 structure using the normal cubic two atom unit
cell as well as three orthorhombic and three monoclinic cells based on the APB cells, but with the
APB defect omitted. Schematics of the six layer cells with and without the 1/2<111>{110} APB
are shown 1in Figure 1. Differences in the calculated results from the seven different cells are
within the precision of the method, confirming the credibility of the APBE calculations. By
comparing the total energy for the cells with and without the APB, an APBE of around 880 mJ/m2
was calculated (listed in Table I). As the disiance between the APB layers is increased, the APBE
values decrease gradually. This result is expected due to diminished interactions between the APB
layers. To test convergence of the calculations, APBE's calculated using 8 layers and 10 layers for
the 1/2<111>{112} case were compared and the value was found to be only slightly smaller for
the larger cell. This suggests that the interactions between two APB's only extend for a few atomic
layers. After this, two consecutive APB's can be considered to be totally independent. Thus,
values obtained for the 10 layer supercell should represent the extrapolated values, ie. those of a
single APB in an infinite lattice.

Table I Calculated APBE Values as a Function Of Supercell Size

APBE (mJ/m?)
number of layers in supercell 1/2<111>{110} 1/2<111>{112}
4-layers . . . . . . .. .. . 1130 ... ... .. .. 1050
6-layers . . . . . .. .. .. .. 1000 ... .. .. ... 95
8layers . . . . . . . .. .. ... 880 .. ... ..... 89
10-layers . . . . . . . . . .. ... 80 ... .. ... .. 885

The APBE values calculated for NiAl are extremely high when compared to the
experimentally determined [23] and calculated [2] values for an APB on a {100} plane in NijAl
(140 mJ/m?2). They are also considerably larger than those calculated for NiAl by other, simpler
methods [10,11]. The energies for the 1/2<111>{112} and 1/2<111>{110} APB's are
comparable. As in the APBE case, the energies for breaking a Ni-Al bond {1/2(Ey;_nitEaj_al)-
Eni_ar) also exhibit a decreasing trend with increasing number of layers. The bond breaking
energies for 1/2<111>{112} are slightly larger than those for 1/2<111>{110} (13.9 vs. 12.0 mRy
for the 8-layer cells;. It should be noted that only the first nearest neighbors were considered when
calculating the bond br=aking energies. Therefore these values are systematically underestimated,
since the second and higher nearest neighbors also contribute to bond breaking energy.

An analysis of the results, including calculated layer by layer densities of states (DOS),
reveals that the introduction of an APB into the B2 structure greatly increases the height of the
strongest higher energy Ni d - Ni d hybridization DOS peak. The hybridization between the Ni d
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Figure 1. Schematics of the six layer cells used a) with and b) without the 1/2<111>{110} APB
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and the Al p component is much stronger than the corresponding combination of Nid - Nid and
Al p - Al p. This gives the very high value for APBE. Either wcul.ening the stronger Nid - Al p
bond or strengthening the Ni d - Ni d and the Al p - Al p bonds should lower the APBE. From a
consideration of the DQOS, it is expected that the addition of a transition metal with fewer d
electrons will shift the d peaks of the transition metal upward, resulting in a weaker transition metal
d and Al p hybridization effect. Therefore, the 1/2<111>{110} APBE was calculated for alloys in
which Al or Ni are partially replaced by Cr, Mn, or V.

For the 4 layer cell, the upper and lower APB's reside on the same plane, resulting in a
"double APB". To avoid this situation while still retaining reasonable calculative speed. a 6 layer
APB cell was selected for the ternary alloy calculations. Based on the results from the
stoichiometric NiAl alloy, it is expected that the {110} and {112} APBE values will follow the
same trends. Therefere, calculations were performed only for the 1/2<111>{110} APB. The
maximum effect on the APB interface was sought by placing the ternary additions on both ARB
interface planes to replace either Ni or Al on those two planes.

Table II Calculatcy APBE Values as a Function of Termary Alloying Addition

composition APBE (mJ/m?)
AlgNig 1000
AlgNigMn, . . . . . . .. .. . ... 740
AlNiyCr, - 0 0 0 0 0 0 0 0 000 000 510
AlgNiyv, o000 000000000 o0 250
AlNigCry . . 0 0 0 0 0 0 0 000000 250
ANV, o o o oo 0000000550

The calculated APBE values are listed in Table II. The results demonstrate that if the ternary
addition 1s substituted for Ni, the APBE is dramatically lower with a ternary addition which has
fewer d electrons, as expected from the consideration of the calculated DOS for APB's in pure
NiAl. Substitution of the ternary elements for Al leads to different results. Although, the APBE
values with ternary additions are substantially lower than that calculated for pure NiAl, alloying
with Cr is calculated to have a stronger effect on lowering APBE than alloving with V. From these
results. it can be seen that the addition of Cr to the APB interface plane lowers the APBE
substantially if Cr is substituted for Al. A comparable decrease in APBE is expected if V is
substituted for Ni.

In the calculations described above, the temary element was placed on the APB plane. The

position of the ternary element (ic. with respect to the distance from the APB) has been found to
dramatically affect the calculated APB energy. To explore this eficct, as well as the effect of
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stoichiometry on APB energy in B2 compounds, FeAl and NiAl systems were studied for a 40%
Al composition. Excess Ni (Fe) atoms were placed on the second and first (110) layer away from
the APB inte £ ce (designated M2Alg (I) and Mj2Alg (II), respectively), and cn the APB plane
itself (M2Alg (1ID)).

Results for these calculations are summarized in Table III. The APB energy for
stoichiometric FeAl was found to be about 500 mJ/m2. This is to be compared v ith (1) the crude
estimate of Mendiratta et al [11] (175 mJ/m2) using Potter s sct..me [10], (ii) the unpublished
result by Inden (160 mJ/m”) and (ii1) the extrapolated value (233 mJ/m?2) from the work of
Crawford et al [24]. The discrepancy is probably due to the crudeness of the earlie: . timates as
well as the neglect of atomic relaxation at the APB interface in the current study.

Table III_APB energies for stoichiometric FeAl and NiAl, and for Nig gAlo.s.and Fep ¢Jo 4

Configuration APBE (mJ/m?2)
FeeAls . . . . . . . . ... ... ... 510
FejopAlwo . . . . . . . ... ... ... 490
Fep,Alg( . . . . ... .. ... ... 490
FerAigd) . 480
FepAlgdlh . . . . . ... . .. . .. 15
NijpAlig . . . . . . .. ... ... .. 880
NipAle(® . . . ... .. .. 870
NiAgdh . 870
NipAlgdly . .. ... .. .. 55

The calculated APB energies for FeAl fiom the superceils with 12 atoms (6 layers) and 20
atoms (10 layers) only differ by about 4%, compared to about 12% for NiAl. This indicates a
fastal convergence rate for the APB energy v ith respect to the number of layers between two
consecutive APB's in FeAl than in NiAl, which probably implies weaker interactions between
APB's in FeAl than in NiAlL

By comparing the total energies of the M12Alg (I,ILIII) supercells with and without APB's,
three APB energies for Nig gAln 4 (Feg6Alp.4) were obtained corresponding to three differert APB
locaiions relative to the excess Ni (Fe) atoms. It is interesting to see the large differences in these
three APB energies fo~ both compositions. The APB energies with the first and second choices of
site occupancy for excess Ni (Fe) atoms are not changed greatly from the corresponding
stoichiometric cases, showing an insensitivity of the APB energy in both FeAl and NiAl to changes
in layers other than the APB interface. By contrast, in the last case (III), the APB energy is
reduced by more than one order of magnitude from the stoichiometric value; this gives rise to an
even greater effect than the reduction of APB energy in NiAl with termary additions.
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These results for the different site occupancy of the excess Ni (Fe) atoms once again
emphasize th: dominance of the local environment on determining the electronic structure and
c-<nciated mechanical properties. Itis clearly seen that the APB energy depends predominantly on
the net changes of the first and second nearest neighbors in the supercell. With greatly reducea
APB energies, the activation of <I11> slip is obviously eased in the .egion where excess Ni (F=}
atoms are located. For the region witn composition near stoichiometry, however, the ease of
activating <111> slip remains about the same as that for stoichiometric NiAl (FeAl). Thus, the
effect of the excess Ni (Fe) atoms is limited only to the local ¢xcess region, as far as the creation of
APB's is concerned.

Specimens with the Nig gAlg 4 composition were tested in RT tensile in the [001] orientation.
The plastic strain to failure was still negiigiole (~0.1%) and fracture stresses relatively high (490
MPa). Thus evidence of softening of <17 1> slip was not observed; however, anti-site defect
hardening is well known to increase strength in Ni rich compositions. No compression testing
was performed (to obtain some plastic deformation), so that the presence of <111> islocations in
[001] oriented specimens could not be determined. Dislocations with <111> Burgers vec.ors have
been reported in evtruded specimens of 58 at% Ni [25] and <111> slip is wideiy known to
oredominate in Fe-40 at% Al

2. The Murensite Transformation

Onc possible approach for ductilization of NiAl is to exploit the martensitic reaction which is
known to occur in Ni rich alloys within the NiAl stoichiometric range. The phenomenon, termed
stress induced martensite (SIM) or stress induced pseudoglasticity (STRIPE), may provide an
alternati . = deformation mechanism at low temperatures [26]. NiAl has the prerequisites for
STRIPE and the related shape memory effect (SME): the martensitic reaction is thermoe!astic; the
parent phase is ordered; and the martensite phase is internally twinned. This effect has been
observed in similar alloy systems, having the same B2 parent phase and the same martensitic phase
as NiAl. Specifically, NiTi is quite ductile at room temperature, and this ductility is attributed to
the STRIPT effect [27]. SME behavior has been reported in Ni-rich NiAl [21,22].

As a first step, the the total energies for NiAl and NiTi were calculated for both the B2 and
L1, martensite crystal structures using the linear muffin-tin orbital (LMTO) method. If the L1,
structure is found to have the lower total energy, it should be stable at 0 K, and a martensitic
transformation is predicted. The fact that ertropy ¢ “fects are not included in the calculations means
that all of the results apply at 0 K, and the M, temperature can not be determined directly; however
a larger energy difference would imply a higher M, temperature. The total energies, heats of
formation, lattice constants and bulk moduli of NiAl and NiTi (known to transform martensiticaily
at the stoichiometric composition) in both the B2 anc martensite structure have been calculated.
Results for these calculations are civen in Tables [V and V. The B2 structure is predicted to be
stable «»n NiAl This is expected, since the M temperature at the stoichiometric composition is
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below 0 K {19,20]. Fo. NiTi, there is some disagreement in the literature with regard to the crystal
structure o« the martensitic phase. Although originally identif:ed as the L10 structure, more recent
investigations have determined it to be the B19 structure [28]. Both structures were considered for
NiTi. For either structure, the calculations indicate that the B2 structure is more stable than the
martensite structure This is contrary to experimental evidence, as NiTi does undergo a martensitic
tra .sformation [29]. However, the difference in energy between the two struciures is smaller for
NiTi than for NiAl, indicating that the martensite reaction should be relatively more likely for NiTi
than for NiAl (see Table V).

Table IV Total Energies and Heats of Formation for MiAl and NiTi
(AE is with respect to the B2 structure)

Total Energy AE Heat of Formation
Phase (Ry) (mRy) (kcal/mole)
NiTi B2 . . . . . . -4740.6882 . . . - ... .. 198
Llo . . ... .. -4740.6727 . . . -16 .. . . . 150
B19 . . . . . -4740.6691 . . . -19 .. . . . 139
NiAl B2 . . . . . . -3520.6066 . . . - L. 338
Llo. . . . . . -35205778 . . . 29 0. . .. 248

Table V_Calculated and Experimental Lattice Constants, Bulk Moduli, and DOS
Data for NiAl TiAl

Laiiice Constant Bulk Modulus DOS @ Fermi Energy

(A) (GPa) (states/Ry-f.u.)
NiTi Calc. B2. ... 300 ... .. 140 . . . . . . 376
Llo . . . 374 . . . . . 160 . . . . . . 292
Exper. B2 . . . . 3015(30]. . . - -
EI9 . .. oo L. - -
NiAl Calc. B2 . .. 288 . . .. 210 . . . . . . 115
Llop . . . 365 . . . .. 170 . . . . . . 17.3
Fxper. B2 . . . . 2.886[30] . 166[3111389[32] . . 15.2(33]

+ Two sets of Jata are availcble: a=2.885, b=4.622, c=4.120, y=96.8° [28]
a=2.884, b=4.665, c=4.110, y=98.1° [34]

The effect of stoichiometry on the relative stabilities of the B2 and L1 structures in NiAl was
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also determined. It was found that the stability of the L1, phase increased with increasing Ni
content. For the Ni rich compositions, this is consistent with existing data on the stoichiometric
effect on martensitic behavior in this system [19,20]. The difference in total energy between the
B2 and L1, structures, as determined by the band structure calculations, is plotted in Figure 2a.
The increasing stability of the martensitic L1, phase with increasing Ni content mirrors the plot of
Ms temperature as a function of stoichiometry presented in Figure 2b. The martensite structure has
not been observed in Al-rich alloys. However, it is not possible to maintain the B2 structure for
large deviations on the Al-rich side, since other high temperature structures intervene. Also, the
deviation from stoichiometry in Al-rich allcvs is accommodated by vacancies on the Ni sublattice,
whereas the calculations assume a substitutional defect structure. There was an indication of the
instability of the B2 structure in the Al-rich region found in the calculations, in the form of lower
energies of formation for Al-rich compositions compared to Ni-rich compositions with the same
deviations from stoichiometry.

The data for ternary alloy additions are presented in Table VI. Two supercell sizes were
used, to obtain two different stoichiometries. For the 4 atom cell (2 B2 unit cells), a 25% temary
alloying addition is simulated, with 50% of the sites of the substiiuted element filled with the new
atomic species. For the 8 atom cell, the ternary addition is equivalent to 12.5% element
substitution, or 25% of the designated sutlattice sites. Some discrepancies appear to exist between
the predicted effects of specific additions for the two cell sizes. For example, a 25% V alloy
(substituted for Ni) is predicted to stabilize the L1 structure, while a 12.5% alloy with the same
site substitution is predicted to make the B2 structure even more stable. It is unclear whether this is
a real effect, or a anomaly of the calculations.

The effect of ternary elements was considered systematically in the calculations. The data are
plotted in Figure 3. For substitution on the Al sublattice, the effectiveness in stabilizing the
martensitic structure was found to increase monotonically when moving across the periodic table
from Ti to Mn, remain roughly constant through Cu, and decrease again upon increasing the
atomic number further. Other rows demonstrated a similar trend, but the first row transition
elements were found to be most effective. Thus, most alloying elements are less potent than Ni
itself in promoting the martensite transformation. Ternary substitutions on the Ni sublattice (by
elements which actually reside on the Ni sites) were not found to be effective.

The most promising result is that for the quaternary alloys. The substitution of both V and
Nb onto the Al sites (expected to be their site preference) is found to stabilize the L1 crystal
structure and, therefore, is expected to promote the martensite transformation. However, the
concentration of Nb used for the calculations greatly exceeds its maximum solubility (~1-2 at%).

10 F49620-88-C-0052

-—---—-—----J




Total Energy Diff. (mRy/atom)

'20 T T T
0.00 025 050 0.75 1.00

Ni content

2000
<
" 1600 - Ref. [13]
=4
3
¥
& 1200 -
g
L]
fat
g 800 = Ref. [14]
£ b
t
S
2 400 -
a3
[
= A Experimental Values

0 +—— ey

58 60 62 64 66 68 70 72

Ni Content (a/o)

Figure 2. a) A plot of the difference in total energy between the B2 and L1, structures as a
function of composition in binary NiAl (solid line) and NiTi (dashed line), as determined by the
band structure calculations. The results from equi-atomic CoAl (empty circle) and FeAl (filled
circle) are also represented. b) Comparison of experimentally determined values taken from the
literature of Ms temperatures as a function of stoichiometry with those determined in the current
study using ultrasonic measurements.
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Ni?TiAl -18.4 NiaTiAl3 -14.5
NizVAI -11.1 NuuVAIR -11.1
Ni2CrAl -0.3 NiaCrAl3 -8.2
Ni2MnAl -2.3 NisMnAl3 -6.2
NigFeAl -6.0 NigFeAl3 -7.7
- - NigCoAl3 -6.6
- - NiaNiAl3 -6.9
- - NigCuAl3 . -1.8
- - NigNbAI3 . -142.8
25% ternary addition on Ni site 12.5% ternary addition on Ni site
NiTiAlz . . . . . . -5.9 Ni3TiAla -11.7
NiVAI2 . . . . . . . 22 Ni3VAl4 -11.0
NiCrAl2 -7.3 Ni3CrAls . -11.8
NiMnAl2 . -29.1 NizMnAl4 -13.3
NiFeAl2z . . -22.6 Ni3FeAls . -15.2
NiCoAl2 . -254 Ni3CoAls . -14.6
- .- Ni3NiAl4 . (-13.9)
NiCuAl2 . -35.2 Ni3zCuAl4 -14.2
NiZnAly . . -29.7 - . .. -
NiNbAl2 . -2.0 Ni3NbAl4 . . -181.4
NiMoAl2 . -15.5 NizMoAl4 -160.7
quaternary additions
Ni2VNbAl4 . . . . . . . . .. .. .. ... .. 104
NigVNbAI2 . . . . . . . . . . . . .. .. ... 132

rall energies are normalized to a 2-atom unit cell; a positive value indicates that the L1,
martensite phase is stable

3. Charge Density Calculations

Dislocation formation and movement is governed by the nature of the bonding in the
compound. Studies of charge density distributions have led to new insights into dislocation
activity in TiAl and Ti;Al compounds [4,5]. Another high temperature B2 compound which has
been found to exhibit relatively high toughness and ductility is RuAl. TEM examination of
polycrystalline RT compression specimens of this material has revealed the presence of <110> and
<111> dislocations, in addition to the <100> Burgers vector [35].
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Cohesive properties and APB energies of RuAl and NiAl were studied. The equilibrium
lattice constants calculated by the linear muffin-tin orbital (LMTO) method for both compositions
were found to be in very good agreement with the experimental values. For NiAl the difference is
less than 0.5% (0.289 versus 0.2886 nm [30]) and the calculated result for RuAl is exactly the
same as the experimental result [36] (0.303 nm). The lattice constants of NiAl and RuAl calculated
by the full potential linearized augmented plane wave (FLAPW) method are about 1.0 - 1.7%
smaller than the experimental values. The resul* from the calculations show both compounds to
have large bulk moduli. For NiAl it is slightly larger than experiment (see Table V); for RuAl no
experimental result is available at present. NiAl has been found experimentally to have a large
formation energy (28.3 kcal/mole) [37], larger than its closest neighbor aluminides such as CoAl
(26.4 kcal/mole) [37] and FeAl (12.2 kcal/mole) [37]. The calculations gave results which are
within 15% of experiment. The formation energy for RuAl was calculated to be fairly large (35.8
kcal/mole by LMTO and 36.2 kcal/mole by FLAPW) No experimental data are available for direct
comparison.

Results for 6 layer (12 atom) supercell calculations show that the APB energy of RuAl is
about 70% that of NiAl (690 versus 1000 mJ/m2). From results for larger cells in the case of
NiAl, it is estimated that the APB energy for RuAl will converge to about 550 mJ/m2. This result
is comparable to that for FeAl (490 mJ/m?2), for which the <111> slip direction is observed.

Calculations have also been performed using the FLAPW method to compare the charge
distribution in NiAl and RuAl. Charge density plots are given in Figure 4. In NiAl, Ni-Al bonds
are extremely strong and directional, with the charge density at the midpoint between the Ni-Al
nearest neighbors approximately twice that for Ni-Ni. The charge transfer from Al to Ni is 0.41.
In contrast, the charge distribution between Ru-Al nearest neighbors is much less directional.
Here, the charge density at the midpoint between the Ru-Al nearest neighbors is approximately half
that for Ru-Ru and the charge transfer from Al to Ru is only 0.04.

Electronic density of states (DOS) plots for NiAl and RuAl, with and without an APB, are
shown in Figure 5. For the unfaulted B2 structure, the Ru d band in RuAl is much broader than is
the Ni d band in NiAl, but the DOS characteristics are similar to those of NiAl. The DOS profile
and the location of the Fermi energy (Efp) agrees with earlier work [38]. The Ru-d and Al-p
hybridization is very strong below Ef, which lies in the bonding region. In the partial DOS, the
main peak below Ef is dominated by Ru-d electrons; the Ru-s, p electrons make only a small
contribution. On the other hand, between -11.0 eV and -5.0 eV there is a sharp Al-s peak.
Between -5.0 eV and 1.5 eV, Al-p and Al-d have comparable contribution. Note that the DOS
below the Fermi energy in more severely altered (raised) by the presence of the APB in NiAl than
in RuAl. This is consistent with the higher APB energy calculated for NiAlL

Because of the experimental finding that small amounts of elements such as Mo and Ga can
significantly improve tensile ductility in NiAl, preliminary calculations of the effects of these
elements on the local electronic environment were conducted. Charge density plots in the vicinity
of Mo and Ga atoms within an NiAl matrix are shown in Figure 6.
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Figure 4. Charge density plots for the <110> plane as determined by Full Potential Linearized
Augmented Plane Wave (FLAPW) method. The Al atom is in the center of the plot, and the Ni or
Ru atoms at the comers a) NiAl b) RuAl.
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Figure 4 (cont.). Charge density plots for the <110> plane as determined by Full Potential
Linearized Augmented Plane Wave (FLAPW) method. The Al atom is in the center of the plot, and
the Ni or Ru atoms at the comers a) NiAl b) RuAl.
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Figure 6. Charge density plots for the NiAl <110> plane as determined by Full Potential
Linearized Augmented Plane Wave (FLAPW) method showing the effect of Ga and Mo on local
charge distribution. a) Mo substituted for Ni, b) Mo substituted for Al, ¢) Ga substituted for Ni,
d) Ga substituted for Al.
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B Experimental Results

1. Experimental Procedure

Single cry tal slabs, 1" x 1-1/4" x 4", of the alloys were grown by a Bidgman method. The
slabs were homogenized in an argon atmosphere at 1316°C for 50 hours. They were then oriented
using the back reflection Laue technique, and specimens were EDM wire cut from the slabs in the
desired crystallographic orientations. Tensile and compression specimens were machined from the
blanks using lcw stress grinding techniques. The tensile specimens were electropolished in a
solution of 10% perchloric acid and 90% methanol at ~30°C to remove the residual grinding
strains. For compression testing, 0.25" diameter specimens were used. Two different lengths
were tested: 0.5", giving a length to diameter (L/D) ratio of 2/1, and 0.75", giving an L/D ratio of
3/1.

For elevated temperature tests, the tensile specimens were surroundzd with insulating
material and induction heated through the specimen grips. Immediately upon completion of the
test, the induction current was turmed off and the insulation removed. In this manner, cooling rates
on the order of 5°C/s were achieved. The compression specimens were heated in a clam-shell type
resistance furnace. After testing the power was turned off and the furnace opened. The cooling
rate for these specimens is estimated to be somewhat lower than that of the tensile specimens, on
the order of 1.5°C/s.

Transmission electron microscopy (TEM) was used to conduct Burgers vector and line
direction analyses in order to identify the nature of the dislocations within the deformed specimens
and, thereby, determine the operating slip systems. Additionally, the ALCHEMI [39] technique
was used to determine the site occupancy of the vanadium and chromium atoms within the crystal
lattice. In this technique, x-ray EDS (Energy Dispersive Spectroscopy) spectra are recorded from
thin foil specimens at positive and negative deviations from the Bragg condition. The relative
intensities of the elemental peaks are then analyzed to determine the site occupancies of elements in
solution.

In the martensitic transformation studies, ultrasonic measurements were performed by Dr. J.
Trivisanno of John Carroll University in Cleveland OH. Absolute elastic constants were
determined by an ultrasonic pulse echo overlap technique employing a magnesium buffer rod. The
temperature dependence of the elastic constants was also measured with an overlap technique, but
in this case the lithium niobate transducer was mounted directly to the specimen.

2. Results from "Soft” Onentation Studies
A detailed study of RT deformation of NiAl single crystals in three soft orientations (<110>,

<111>, and <112>) was conducted. The Schmid factor favors { 100} slip in the <110> orientation
and {110} slip in the <111> and <112> orientations. Measured yield stress values are shown in
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Table VII along with resolved shear stresses on the most highly stressed {110} and {100} slip
rlanes for each orientation. In addition to data from the current investigation, values reported by
Wasilewski et ai {13] are also included. This was the only reference which could be found in
which yield stress values for several soft orientations were reported. Stress. strain curves for
specimens tested in the <111> and <110> orientation are showr in Figure 7. For the <110>
orientation, there is a gradual yield followed by a shallow work hardening of approximately 35
MPa/% strain. The <111> specimens exhibit a much sharper yield, followed by a constant swress
region for about 0.5% plastic strain, eventually achieving a work hardening rate identical to tnat of
the <110> specimens. The <112> specimen also exhibited a similar work hardening rate.

Slip traces on the surfaces of specimens tested to 10% plastic strain were observed optically
and in the SEM. The <111> oriented specimens had well developed slip lines in directions
consistent with {110} slip planes (Figure 8a) For the <110> oriented specimens, only coarse,
indistinct traces could be seen, so that an unambiguous determination of slip plane could not be
made (Figure 8b). However, the directions of the tands were consistent with { 100} slip planes.

Table VII Resolved Shear Stress Values for {110} and {100}
up Planes from "Soft" Orientation NiAl 1

Resolved Shear Stress (MPa)

Orientation 0.2% YS (MPa) RN {100} Source
111 264+4.6 124x2.2 87£1.5 Current Study
110 217%£0.7 76+0.2 109+0.4 Current Study
112 250 118 83 Current Study
111 145* 68 48 Wasilewski et al [13]
110 290* 100 145 Wasilewski et al [13]
112 200* 94 66 Wasilewski et al [13]

Data represent avarage and spread for two compression tests for the <lil> and <110>
orientation. The <112> YS i< from a single compression specimen.
* Estimated from sucss-strain curves in Figure 1 of Wasilewski et al [13].

TEM micrographs of dislocation structures from <111> and <110> orienied specimens are
shown in Figure 9. The specimens were tested to ~4% plastic strain at room temperature. The
Burgers vectors (b) of the dislocations were found to be of the <100> type, with a single b
dominating in the area of analysis. Line diection analysis of bent dislocations reveais that most do
not lie on slip planes. A few dislocations were found to lie on {110} planes for the <i11>
oriented specimens and o~ {100} planes for the those oriented alon g <110>. A common feature
for both orientations was the presence of elongated prismatic loops, lying on {110} planes ~45°
from their Burgers vectors. For the <111> specimens, these tend to be elongated close to <110>
directions, while those in the <110> specimens tend to lie close to <100> directions. In each case

22 F49620-88-C-0052




NiAl Compression Stress-Strain Curves

[111]
300 -
250 (110]
200

150 —

Stress (MPa)

100 =

50

01 | j
0 1 2 3 4

% Strain

Figure 7. Stress-strain curves for two "soft"” oriented NiAl crystals tested in RT compression.
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Figure 8. Surfaces of RT compression specimens. a) and b) SEM micrographs of [111] specimen
showing distinct slip traces. ¢) SEM micrograph of [110] specimens showing absence of visible
slip traces. d) Optical micrograph of [110] specimen showing broad indistinct bands.
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Figure 8 (cont). Surfaces of RT compression specimens. a) and b) SEM micregraphs of [111]
specimen showing distinct slip traces. ¢) SEM micrograph of [110] specimens showing absence
of visible slip traces. d) Optical micrograph of [110] specimen showing broad indistinct bands.
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Figure 9. Weak beam TEM micrographs of loops in RT compressxon specimens. a) [111]
compression axis: b=[010] loop elongated along direction near [10T]. b) [101] compression axis:
b=[001] loop elongated along direction near [010].
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the elongation direction was approximately 90° from the Burgers vector.

Table VIII Resolved Shear Stress Values for {100} Slip Planes as
a Function of Temperature

Resolved Shear Stress

Orientation Temp. (°C) 0.2% YS (MPa) On the {100} Plane (MPa}
110 RT 17143 86
110 150 129%1.5 65
110 200 119+6 60

Tensile yield stress and plastic elongation to failure data have been measured in <110>
oriented specimens. These data are shown in Figure 10. In order to determine the effect of
temperature or the relative CRSS values for the (100} and {110} planes, a study was initiated in
which comnpression testing is being conducted at -196°C, RT, and near the DBTT (150 and 200°C)
in both <110> and <111> orientations. All specimens were taken from one single crystal casting.
Some preliminary results for the <110> orientation are listed in Table VIII. This study will be
continued under the follow-on AFOSR contract.

3. Results from Microalloying Effect Studies

Although an in depth investigation of the microalloying effect will be the subject of a follow-
on study, some preliminary work on this phenomenon was performed under the current program.
Specifically, two compositions were investigated in RT compression and tensile tests: a 0.05%Ga
alloy and one containing 0.1%Mo (both in at%). Both of these alloys had been found to display
increased tensile ductility over stoichiometric NiAl in <110> orientated specimens. The Ga
containing alloy exhibited a slight decrease in yield strength compared to the binary compound,
while the Mo addition resulted in increased yield strength.

Specimens of these two alloys were tested in compression in both <110> and <111>
orientations, in order to determine if the relative values of CRSS for the {100} versus {110} slip
planes are different from those of the binary compound. Results from these tests are given in
Table IX in the form of CRSS values for the two slip planes and work hardening rates for the
different orientations (the values for the binary compound are from the same specimens for which
CRSS values are reported in Table VII). Although some differences in work hardening rates and
the CRSS ratios are apparent between the stoichiometric and microalloyed materials, these are well
within the normal scatter for these alloys. Thus, apart from changes in yield strength and increased
ductility, no significant differences are observed in the RT stress-strain behavior of the
microalloyed materials versus the binary compound.
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Figure 10. a) 0.2% yield strength (compression and tension) and b) tensile elongation data as a
function of temperature for [110] criented tensile and compression specimens.
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Table IX CR nd Work Hardening R WHR) for NiAl All

<100>/{110}* <100>/{ 100} ** CRSS Ratio
Alloy CRSS WHR CRSS WHRY {110}/{100}
NiAl . . . .. 124 . ... 36 . . ... 109. ... 3. . ... 122
+005%Ga . . . 90 . . . . 49 . . . . . . 8 . ... 33 . ... 116
+0.1%Mo . . 154 . . . . 52 . . . .. 145 . . .. 4 . . ... 113

*Measured in <111> compression
**Measured in <110> compression
TMPa/%strain @ 2% plastic strain

Low temperature heat treatments (800°C/50hrs.) have also been found to increase RT ductility
in NiAl. This was first observed in polycrystalline specimens [40], and work at GEAE has
confirmed a ductility enhancement in "soft” oriented single crystal specimens (see Figure 11). The
increased ductility is accompanied by a decrease in yield strength.

Resistivity measurements were taken at RT and 80 K on specimens from the same single
crystal slab which received both the star.dard homogenization heat treatment (1316°C/50hrs.) and a
subsequent low temperature heat treatment (800°C/50hrs.). These measurements were 2!so taken
on the 0.05% Ga alloy discussed above (given the standard heat treaiment). The temperature
independent contribution to the resistivity (usually associated with point defect concentrations) was
reduced in both specimens, compared to that of the binary compound given the standard heat
treatment alone, so that the ratio of the RT to low temperature resistance was increased, as shown
in Table X. This indicates that the point defect concentration has been reduced. One possibility is
that the concentration of excess vacancies produced during the homogenization heat treatment is
reduced, either by annealing out during the low temperature heat treatment or by interactions with
the microalloying element. However, the slabs used for this study are furnace cooled from the
homogenization treatment, resulting in a relatively slow cooling rate. Also, density measurements
of the as-homogenized and heat treated material revealed no significant change in density
(associated with differences in vacancy concentration) resulting from the low temperature anneal.
Another possibility is that interstitials are removed from the matrix by gettering and/or clustering
around the microalloying element or by reacting with other impurities during the low temperature
anneal, thus reducing their strengthening effect. Clearly more work is required to understand this
phenomenon, and it is likely that the microalloying and heat treatment effects are related. This will
be studied under the follow-on AFOSR contract.
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Table X Results from Resistivity Measurements

Alloy Heat treatment’ Resistivity Ratio(RT/80K)
NiAl . . .. .. sedHT ... .. .. .. .. 253
NiAl . . . . . . . std. HT+800°C/50hrs. . . . . 3.20
+005%Ga . .. . std HT . . . . . . . . . . . 274

*std. HT: 1316°C/50hr.

4. Results from "Hard" Orientation Studies

Stoichiometric NiAl was tested in tension and compression from RT to 871°C in the [001]
("hard") orientation. The compression specimens kinked at all temperatures, although substantial
uniform deformation was also observed at the higher temperatures. The compressive 0.2% yield
strength (YS) as a function of temperature is shown in Figure 12. The majority of the tests were
conducted on 3/1 L/D specim